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, thereby reducing the induced electric field in the cortex to a magnitude below stimulation 9 8 threshold. The physical separation of the coil from the scalp preserves the airborne "click" sound but 9 9 allows for little or no bone conduction and completely lacks somatosensory co-stimulation (Nikouline et 1 0 0 al., 1999; ter Braack et al., 2015) . The mere control by median nerve stimulation-evoked somatosensory 1 0 1 potentials (Paus et al., 2001; Rosanova et al., 2009 ) not only lacks auditory stimulation but the evoked 1 0 2 potentials may also not resemble those evoked by stimulating the scalp (Hashimoto, 1988) . Sham TMS 1 0 3 coils, generating only a very small electric field in the cortex, provide simultaneous somatosensory and 1 0 4 auditory stimulation (Bonato et al., 2006; Opitz et al., 2014) , but the area of stimulation is broader (Opitz 1 0 5 et al., 2014) and somatosensory stimulation may be markedly reduced compared to real TMS (Bonato et 1 0 6 al., 2006; Opitz et al., 2014) . On the other hand, even when the transducing coil is placed on another body 1 0 7 part such as the shoulder blade, stimulation still produced late evoked components reminiscent of those 1 0 8 commonly seen in TEPs caused by real TMS (Herring et al., 2015) . 1 0 9
This study systematically examines the contribution of multisensory co-stimulation to the TEP. We 1 1 0 stimulated two different locations (frontal and parietal cortex) with two different coil orientations 1 1 1 (orthogonal and parallel to the target sulcus/gyrus) and included a realistic sham condition for each 1 1 2 location. The sham stimulation matched somatosensory and auditory co-stimulation of real TMS as 1 1 3 closely as possible, while inducing only a subthreshold electric field in the brain. This enabled us to 1 1 4 directly compare the EEG responses evoked by real and sham TMS. We hypothesized that non-1 1 5 transcranial multisensory co-stimulation makes a relevant contribution to TMS-evoked potentials. We 1 1 6 therefore expected the spatiotemporal response patterns evoked by realistic sham and real TMS to 1 1 7 resemble each other at both early and late latencies. The experiment was performed as part of a larger study investigating changes in connectivity during 1 2 2 recovery from severe Traumatic Brain Injury (TBI) (see Conde et al. (2017) for more details). Seventeen 1 2 3 healthy participants (10 females) with an age range from 19 to 31 years were included in the study of 1 2 4 which 15 were completely naïve to TMS. The experimental procedures were approved by the Ethics 1 2 5 committee of the Capital Region of Denmark (Region Hovedstaden). All participants gave informed 1 2 6 written consent prior to the start of the experiment according to the declaration of Helsinki. Participants 1 2 7 were asked to sit still and relax throughout the measurements while keeping their eyes open, and the chair 1 2 8 was individually adjusted to achieve the most comfortable position by the use of arm, legs, and neck rests. 1 2 9
None of the participants were using medication acting on the central nervous system by the time of the 1 3 0 study. Information regarding hours of sleep, caffeine and tobacco intake, as well as levels of tiredness and 1 3 1 discomfort (before and after the experiment, visual analogue scale from 0 to 10, 0 being lowest and 10 1 3 2 being highest level) was acquired via self-report. 1 3 3 1 3 4
Experimental design 1 3 5
The experimental design is illustrated in Fig. 1 . The experiment consisted of a single session per 1 3 6 participant where both structural MRI and TMS combined with EEG (TMS-EEG) were performed. 1 3 7
Structural MRI was always performed prior to TMS-EEG in order to acquire a T1-weighted image where 1 3 8 the TMS target sites were individually identified and marked for online tracking by means of a frameless 1 3 9 stereotactic neuronavigation system (Localite, St. Augustin, Germany). 1 4 0
The experiment involved focal TMS of two brain areas (frontal and parietal cortex) with three stimulation 1 4 1 conditions per cortical target site: two real TMS conditions with the coil oriented either perpendicular or 1 4 2 in parallel to the cortical gyrus targeted by TMS and one somatosensory-auditory sham TMS (see Fig. 1 ). 1 4 3
The order of the six stimulation conditions was counterbalanced across participants, but always 1 4 4 alternating between the prefrontal and parietal stimulation site in consecutive stimulation conditions. Two 1 4 5 target sites were chosen for stimulation, namely the left para-median superior frontal gyrus (SPG) and left 1 4 6 para-median superior parietal lobule (SPL) to enable conceptual within-study replication by targeting two 1 4 7 para-median cortical areas. We chose these associative cortical areas because they are commonly targeted 1 4 8
in TMS-EEG studies on disorders or consciousness (Marinazzo et al., 2014; Napolitani et al., 2014;  1 4 9 different between real TMS conditions and sham (TMS orthogonal vs. Sham: p = 0.23; TMS parallel vs. 3 3 3 Sham: p = 0.36).
4
Parietal stimulation site 3 3 5
For parietal stimulation, a difference in "click" perception between conditions was only present when 3 3 6 comparing both real TMS conditions (orthogonal and parallel) (TMS orthogonal vs. TMS parallel "click" 3 3 7 sound p = 0.01; TMS orthogonal VAS: 3.59 ± 1.85; TMS parallel VAS: 2.91 ± 1.59), but not when the 3 3 8 realistic sham condition was compared with the two real conditions (TMS orthogonal vs. Sham "click" 3 3 9 sound p = 0.42; TMS parallel vs. Sham "click" sound p = 0.29). Focality was significantly different 3 4 0 between real TMS conditions and sham only (TMS orthogonal vs. Sham: p = 0.005; TMS parallel vs. 3 4 1 Sham p = 0.004; TMS orthogonal vs. TMS parallel: p = 0.93; TMS orthogonal VAS: 4.34 ± 2.12; TMS 3 4 2 parallel VAS: 4.21 ± 2.73; Sham VAS: 6.74 ± 2.60). Perceived discomfort was not significantly different 3 4 3 across any condition (TMS orthogonal vs. TMS parallel: p = 0.15; TMS orthogonal vs. Sham discomfort 3 4 4 p = 0.09; TMS parallel vs. Sham: p = 0.06).
4 5
Frontal versus parietal stimulation 3 4 6
Focality, "click" sound, and discomfort were not perceived to be different across hotspots when 3 4 7 comparing the orthogonal TMS conditions between the frontal and parietal hotspots (focality: p = 0.49; 3 4 8 "click" sound perception: p = 0.34; discomfort: p = 0.034). This was different for the parallel real TMS 3 4 9 recordings, even state-of-the-art auditory noise masking and foam padding achieve only imperfect 4 0 0 suppression of both the TMS "click"-related auditory input and the somatosensory input evoked by 4 0 1 inductive electric stimulation of myelinated peripheral nerve axons. This is the first study to our 4 0 2 knowledge that systematically assessed the impact of this multisensory co-stimulation on the EEG 4 0 3 activity evoked by focal TMS targeting non-motor prefrontal and posterior parietal cortex. Although we 4 0 4
implemented state-of-the art measures to attenuate multisensory co-stimulation, the cortical potentials 4 0 5 evoked by real and sham TMS at the prefrontal and parietal site closely resembled each other, both in 4 0 6 temporal shape and spatial distribution. This similarity might be even greater than the one shown in the 4 0 7 present study, because our realistic sham condition did not perfectly match the multisensory input evoked 4 0 8 by TMS in the somatosensory domain. The close resemblance of EEG responses evoked by real TMS and 4 0 9 realistic sham stimulation shows that the non-transcranial TEP is an inherent source of ambiguity in 4 1 0 TMS-EEG studies. Therefore, future TMS-EEG studies need to actively show that multisensory co-4 1 1 stimulation was suppressed completely. This could be achieved by showing that participants perform at 4 1 2 chance level in a two-alternative forced choice test in which they indicate whether they have received 4 1 3 TMS or not. If participants still can dissociate between TMS and no-TMS trials after all measures are 4 1 4 taken to suppress multisensory co-stimulation, the experimental design needs to include a realistic sham 4 1 5 control condition which mimics multi-sensory co-stimulation as closely as possible. 4 1 6 4 1 7 Peripherally evoked potentials evoked by multisensory stimulation 4 1 8
Although our realistic sham stimulation did not perfectly match the multisensory input associated with 4 1 9 real TMS, the temporal and spatial patterns of the peripherally-evoked cortical responses closely 4 2 0 resembled the spatiotemporal patterns of TEPs evoked in the real TMS conditions. In the temporal 4 2 1 domain, evoked peak latencies closely matched the TEP latencies evoked by real TMS at early, middle, 4 2 2 and late post-stimulation intervals. Peak correspondence was found 40-400 ms post stimulation for the 4 2 3 frontal target site and 70-400 ms for the parietal target side, including the classic N100 central negativity 4 2 4 often reported in TMS-EEG studies (Du et al., 2017) . Likewise, the topographical distribution of the 4 2 5 evoked responses showed a significant correlation between sham and real TMS conditions for almost the 4 2 6 entire 20-410 ms post-stimulation time window. Using a sham condition that consisted of real TMS 4 2 7 delivered to the shoulder, Herring et al. (Herring et al., 2015) showed that sham stimulation induced a 4 2 8 cortical response pattern that was similar to the one evoked by real TMS over the scalp, primarily at late 4 2 9 peak latencies (> 80 ms post stimulation). Extending these findings, we show that concurrent cranial 4 3 0 somatosensory and auditory stimulation mimicking TMS contributes substantially to the TEP also at early 4 3 1 latencies. 4 3 2
The similarity between realistic sham and real TMS between 20 and 80 ms after TMS can be attributed to We also found a close resemblance of the EEG response between sham and real TMS stimulation 4 5 0 conditions for the later components evoked by both realistic sham and real TMS, including the N100 and 4 5 1 P180 components, commonly described as the N1-P2 complex for both auditory and somatosensory 4 5 2 stimulation (Goff et al., 1977; Hyde, 1997) . The auditory N1-P2 peaks at frontocentral scalp electrodes as 4 5 3 2 0 a result of respectively oriented dipoles in bilateral temporal cortices (Zouridakis et al., 1998) , and 4 5 4 somatosensory components at > 100 ms originate from bilateral secondary somatosensory cortices 4 5 5 (Allison et al., 1992) . The N100 is of particular interest as has been associated with GABA-B-ergic 4 5 6 inhibition based on pharmacological interventions (Premoli et al., 2014a) and paired-pulse TMS (Opie et 4 5 7 al., 2017; Premoli et al., 2014b; Rogasch et al., 2012) , as well as by its amplitude correlation with the 4 5 8 silent period duration (Farzan et al., 2013) . Notably, Du et al. (Du et al., 2017) observed a vertex N100 of 4 5 9 similar amplitude after TMS of prefrontal, motor, primary auditory cortices, vertex, and cerebellum, and 4 6 0 concluded that the N100 is a ubiquitous TEP reflecting a general property of the cerebral cortex. Our 4 6 1 findings point rather to the conclusion that the N100 observed over the vertex is at least to a great extent a 4 6 2 non-transcranial sensory evoked potential. 4 6 3 4 6 4 Implications for studies of transcranial evoked potentials 4 6 5
The close resemblance of TMS and sham-evoked potentials does by no means imply that specific TEP 4 6 6 components can be always and fully explained by multisensory-evoked potentials. On the contrary, TEP 4 6 7 recordings hold great potential for probing the local and distributed brain response to focal TMS. Since 4 6 8 the multisensory components overlap substantially with the truly transcranial components, it is necessary 4 6 9 to disentangle the multisensory temporal and spatial response patterns from the truly transcranially-4 7 0 evoked brain response. The true TEP components may become only evident after subtraction of the 4 7 1 multisensory components or in experimental designs that effectively account for multisensory stimulation 4 7 2 as a confound. In the study of Herring et al. (Herring et al., 2015) , for instance, the authors found a left 4 7 3 occipital N40 component following left visual cortex TMS but not multisensory sham that can hardly be 4 7 4 explained by somatosensory or auditory co-stimulation. If the topography of a TEP component is clearly 4 7 5 lateralized and confined to the stimulation site, such component is less likely to be the mere result of 4 7 6 multisensory stimulation which often shows a different voltage distribution. Also, the GABA-B-receptor-4 7 7 mediated amplitude modulation of an N100 component lateralized to the stimulated left sensorimotor 4 7 8 1 cortex most likely reflects a local cortical effect at the target site (Premoli et al., 2014a) . In contrast, 4 7 9
GABA-A receptor-mediated amplitude modulations of the TEP have been reported to only be significant 4 8 0 in the hemisphere contralateral to stimulation (Premoli et al., 2014a) , and future work has to clarify the 4 8 1 degree to which remote effects like this are due to distant scalp projections of a local dipole, a network 4 8 2 spread of transcranially-induced activity, or pharmacological effects on multisensory cortical processing. 4 8 3
Studies using similar GABA-mediating drugs such as benzodiazepines have consistently reported effects 4 8 4
on AEPs and SEPs also at 100 ms, reinforcing the need to further investigate the purely transcranial 4 8 5 effects of drugs on the TEP (Abduljawad et al., 2001; Scaife et al., 2006) . Our findings are compatible 4 8 6 with the notion that local activations at the target site may predominantly arise from transcranial 4 8 7 stimulation particularly in the early post-stimulation period. For electrodes close to the stimulated region, 4 8 8 the similarity between sham and real TMS was less consistent. The stronger dissimilarity of evoked 4 8 9 responses 24-70 ms after stimulation may thus be due to the local activations after real TMS as compared 4 9 0 to sham. Alternatively, this dissimilarity may have resulted from methodological issues since the decay 4 9 1 artefacts resulting from transcutaneous electric stimulation were also strongest at the stimulation site, and 4 9 2 the early post-stimulation interval included less time points than the middle or late post-stimulation 4 9 3 intervals potentially decreasing similarity between stimulation conditions. 4 9 4
In a recent study aiming to disentangle the cortical origin of TEPs, Gosseries et al. targeted both lesioned 4 9 5 and preserved cortical tissue in two patients with unresponsive wakefulness syndrome and multi-focal 4 9 6 brain injury (Gosseries et al., 2015) . In these patients, TEPs were completely absent when TMS directly 4 9 7 targeted the lesioned cortex, whereas TEPs were preserved when targeting non-lesioned cortex, keeping 4 9 8 multisensory co-stimulation comparable (Gosseries et al., 2015) . These results show that a local cortical 4 9 9 response can be evoked by TMS, but does not rule out a substantial multisensory contribution to TEPs 5 0 0 recorded in healthy conscious individuals. It should also be noted that the first patient had additional brain 5 0 1 stem lesions in the pons, medulla and cerebellar peduncles. These additional lesions might have blocked 5 0 2 peripheral somatosensory input from the lesioned but not from the non-lesioned hemisphere. The second 5 0 3 patient had massive bilateral hemispheric lesions, involving auditory and somatosensory cortex 5 0 4 bilaterally. Again, this might have prevented the occurrence of cortical responses caused by multisensory 5 0 5 co-stimulation. It also seems that substantially higher TMS intensities were applied by Gosseries et al. 5 0 6 and the local responses had much larger amplitudes than those normally obtained in healthy conscious 5 0 7 individuals. Finally, in patients with disorders of consciousness it is not possible to individually adjust the 5 0 8 sound pressure of the noise masking, potentially resulting in higher sound pressures than those tolerated 5 0 9 by healthy individuals. 5 1 0 5 1 1 Can auditory and somatosensory stimulation be completely suppressed in awake individuals without 5 1 2 brain lesions? 5 1 3
The evidence obtained in unresponsive patients with massive multi-focal brain damage (Gosseries et al., 5 1 4 2015) cannot be generalized to other studies and does not imply that those components are principally of 5 1 5 transcranial origin when observed under different conditions. Special care needs to be taken when 5 1 6 contrasting different physiological states (e.g., drug challenges, vigilance or attentional states, etc.) or 5 1 7 groups (e.g., psychiatric or neurological patients) for which also a modulatory effect on auditory or 5 1 8 somatosensory evoked potentials is conceivable or in some cases known. It has been proposed that 5 1 9 multisensory co-stimulation does not account for any TEP components as long as both auditory and 5 2 0 somatosensory perception are suppressed by noise masking and foam padding (Gosseries et al., 2015) .
2 1
Unfortunately, a complete suppression is often not achievable when studying fully awake individuals, 5 2 2 even when following best practice procedures as reported in the present study. We implemented all 5 2 3 measures currently advised to attenuate multisensory co-stimulation (i.e., individualized noise masking, 5 2 4 foam padding, and stimulation sites close to the midline) and still observed multisensory evoked 5 2 5 potentials, while almost all participants reported residual auditory and tactile perception of the TMS 5 2 6 pulses. Unlike in other studies for which complete suppression of TMS "click" sound perception has been 5 2 7
reported (Casula et al., 2017; Gosseries et al., 2015; Massimini et al., 2005) , we systematically asked 5 2 8 participants to rate perceptual intensity after each stimulation condition. Only one participant reported 5 2 9 complete suppression, whereas all others reported perceptual intensities between 1 and 8 (out of max 10 5 3 0 points on the VAS) despite the maximal tolerable noise volume being used. 5 3 1
While it may be feasible to completely suppress concurrent auditory stimulation by applying noise 5 3 2 masking at very high sound pressures, we doubt that TMS-related inductive electric stimulation of 5 3 3 peripheral sensory and motor axons can be effectively suppressed given the biophysics of TMS. The fast-5 3 4
conducting myelinated peripheral axons passing through the tissue in close proximity to the induced 5 3 5 electric filed are readily excitable by TMS (Siebner et al., 1999) , and these nerves are exposed to a much 5 3 6 larger electric field than the cortex because they are located much closer to the coil. Since myelinated 5 3 7 fast-conducting sensory trigeminal fibers are present in parasagittal parts of the dura mater (Lv et al., 5 3 8 2014), concurrent stimulation of dural trigeminal nerve fibers may also contribute significantly to the 5 3 9
TEPs. Notably, these nerve fibers are not effectively stimulated by bipolar electric cutaneous stimulation 5 4 0 due to the poor electric conductivity of the skull, so that not even our realistic sham condition would be 5 4 1 able to control for those responses. 5 4 2
One pioneering TMS-EEG study used electric stimulation of the scalp and did not observe any 5 4 3 somatosensory evoked cortical potentials (Paus et al., 2001 ), yet did neither report the precise stimulation 5 4 4 area nor any electric artifact removal procedures. Moreover, it has been argued that SEPs should be 5 4 5 located contralateral to stimulation (Du et al., 2017; Paus et al., 2001) , concluding that the TEP was 5 4 6 unaffected in the absence of a contralateral SEP. However, studies evoking SEPs by face stimulation 5 4 7 (including stimulation of the trigeminal nerve) have consistently reported bilateral EEG potentials for 5 4 8 both mechanical and electric stimulation of the face (Bennett and Jannetta, 1980; Hashimoto, 1988) . 5 4 9
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